Introduction
Integrated coal gasification combined cycle (IGCC) is a technology wherein coal is converted to fuel gas also referred as syngas or synthesis gas. Powdered coal is made to be in contact with a mixture of oxygen(or air) and steam to produce fuel gas. This fuel gas is burnt in a gas turbine coupled with generator to produce power. The waste heat from the gas turbine is used to produce steam and the steam is sent to a steam turbine for additional power generation (Ramezan and Stiegel, 2006) .
Though, IGCC has a number of technical advantages, but until recently, its application has been limited due to its higher capital costs plus the availability of cheap natural gas. However, with pollution limits becoming more stringent and natural gas prices increasing, the performance of IGCC will become more attractive and its technical advancement will further reduce its cost.
Gasification is a technology that had its beginnings in the late 1700s. In the 19 th century, gasification was widely used for the production of "town gas" especially for urban areas (Ramezan and Stiegel, 2006) . But due to the widespread availability of natural gas, it got vanished in the 20 th century. Today, the IGCC technology is being widely used throughout the world. 250MW IGCC demonstration plants are being constructed at Tianjin in china. In India, Andhra Pradesh Power Generation Corporation Ltd in association with Bharat heavy Electricals Limited proposed 125 MW IGCC plant at Vijayawada. In USA, 262 MW Wabash River IGCC power plants in Indiana (later acquired by Conoco Philips) and 250MW Tampa Electric Co. Polk Power Station IGCC in Florida (later acquired by GE Energy) are the two main commercial IGCC coal based power plants. Even though a number of IGCC projects exist, the UK's Clean Coal Power Generation Group, ALSTOM has undertaken a detailed study on the development of a small-scale prototype integrated plant (PIP), based on the air blown gasification cycle with 150 MW output (Pike et al., 1998) . This type of prototype plant
Air blown gasification cycle
ABGC is a hybrid combined cycle power generation technology. It was first conceived by British Coal Corporation (BCC) and developed in 1990s by Clean Coal Power Generation Group (CCPGG). Later the ABGC technology is purchased by Mitsui Babcock Energy Limited (Mitsui Babcock). Advanced design for this gasification is later done by the combined industrial collaborators -GEC Alsthom, Scottish Power plc and Mitsui Babcock with support from the European Commission's (EC's) THERMIE Programme and Department of Trade and Industry (DTI) (Pike et al., 1998) . Figure 1 shows the block diagram of ABGC.
Coal, steam and air react within the gasifier operating at 22bar pressure and 1150k temperature conditions in order to produce fuel gas with low calorific value. Limestone is also added in order to remove sulphur. This fuel gas is burnt in a gas turbine coupled with generator to produce electricity.
Approximately 20% of carbon in the coal does not react in gasifier which is extracted through ash removal system. This unburned carbon is fed to circulating fluidized bed combustor (CFBC) operating under atmospheric pressure and 1150k temperature conditions. Here the remaining unburned carbon is combusted completely. The water/steam (two phase mixture) absorbs heat from CFBC water walls. The steam separated by drum internals goes through different stages of super heaters receiving heat from exhaust gas coming from gas turbine (Pike et al., 1998) . The resulting high pressure steam is given to steam turbine coupled with generator to produce additional power generation. The total capacity of commercial ABGC is 525 MW approximately. 
Types of gasifier
There are three types of gasifier namely fixed bed, fluidized bed and entrained flow (Phillips, 2006) .
Fixed bed gasifier
Here coal enters at the top of the reactor and air or oxygen enters at the bottom. As the coal moves slowly down the reactor, it is gasified and the remaining ash drops are collected at the bottom of the reactor. Example: British Gas Lurgi(BGL), Lurgi (Dry Ash) The figure 2 shows moving bed gasifier. 
Entrained flow
Finely-ground coal is injected in co-current flow with the oxidant. The coal rapidly heats up and reacts with the oxidant. Gas is collected at the bottom. Most entrained flow gasifiers use oxygen rather than air. Example: GE entrained flow gasifier(Polk Station), E-Gas, Mitsubish Figure 3 shows entrained flow gasifier. 
Fluidized bed gasifier
A fluidized bed gasifier is a well-stirred reactor in which new coal particles is mixed with older, partially gasified and fully gasified particles. The mixing gives uniform temperatures throughout the bed. The flow of gas into the reactor (oxidant, steam, recycled syngas) must be sufficient to float the coal particles within the bed. However, as the particles are gasified, they will become smaller and lighter and will be entrained out of the reactor. Example: HT Winkler, KRW (Kellogg -Rust-Westinghouse) and ALSTOM gasifier. 
ALSTOM gasifier model
Gasifier model is the most complex one in coal gasification. It was first started by CRE Group Ltd in 1992. Later it was continued at GEC ALSTHOM mechanical Engineering Centre. The incoming coal is dried and de-volatilized to yield char, ash and volatile gases. The oxygen in fluidized air reacts with carbon in the char to form carbon monoxide and carbon dioxide. Both exothermic and endothermic reactions occur simultaneously in the gasifier. The main equations in gasifier are C+O2  CO2
(1)
Equation 1 and 2 are exothermic gasification.
The carbon-dioxide reacts more with carbon to form carbon-monoxide. Also steam reacts with carbon to form carbon-monoxide and hydrogen.
Equation 3 and 4 are endothermic reactions.
The un-reacted char is added to the bed which is maintained at a constant height by char extraction system.
Alstom gasifier: Input and output variables
Alstom gasifier represents a difficult process for control because of its multivariable and non-linearity in nature with significant cross coupling between the input and output variables (Dixon 2004 ).
The controllable input variables to the gasifier are
The Controlled output variables are:
One of the inputs, limestone mass (WLS) is used to absorb sulphur in the coal and its flow rate is set to a fixed ratio of 1:10 against another input coal flow rate.(WCOL).This leaves 
Load demand on gasifier
The flow rate of syngas to gas turbine is controlled through a valve at the inlet of turbine (also referred as controlled input disturbance to the gasifier). The pressure at the inlet of turbine called as PSink is the controlled variable. The control problem is to study the transient behavior of gasifier process variables such as pressure, temperature of the syngas for typical variations in gas flow drawing rate to gas turbine through appropriate changes in the throttle valve. Any proposed control system should control the pressure and temperature of the syngas at the inlet of gas turbine for any variation in gas turbine load -which in turn will affect throttle valve moment-without undue overshoots and undershoots. In fact this particular aspect has been posed as a control challenge problem for gasifier by ALSTOM.
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ALSTOM benchmark challenges
The demand for clean air and stringent environmental regulations are forcing us to look for an alternate technology with reduced pollution emission and higher power generation. As a result of this, IGCC power plants are being developed all over the world. ALSTOM smallscale prototype (PIP) based on air-blown gasification cycle is one such IGCC. One of the component in ABGC called gasifier, is difficult to be controlled. For this reason, ALSTOM Power technology center issued a bench mark challenge to research community
•
To come out /propose a suitable control strategy/algorithms so as to have an efficient control of pressure and temperature of syngas without having an undue overshoot and undershoot values equal or less than those specified in the constraints by ALSTOM for specified load disturbance through the throttle value for different operating loads such as 100%, 50%and no-load.
The ALSTOM gasifier is modeled in state space form given by Towards this purpose, ALSTOM has made it available the following :
• A, B, C, D, x(0), Y for three different loads-100%, 50% and no-load.
A virtual gasifier mathematical model is made available with the above quantities (http://www.ieee.org/OnComms/PN/controlauto/benchmark.cfm.) and researches can attempt different control philosophies to meet the challenge posed by ALSTOM.
The input and output variables, allowable limits on output variables during load transients for three different loads (100%, 50% and no-load) as given by ALSTOM are reproduced in Tables 1 and 2 for ready reference.
Input and output constraints
The plant inputs and outputs with their limits are given in Tables 1 and 2 respectively (Seyab et al., 2006) 
Researchers attempt in the first phase (1997-2001)
The first round challenge was issued in the year 1997. It included three linear models operating under 0%, 50%and 100% load conditions respectively. The model includes state space equation with A,B,C and D values. The challenge requires a controller which controls the gasifier at three load conditions with input and output constraints in the presence of step and sinusoidal disturbances. Many controllers have been suggested for the first challenge (Dixon, 1999) .
1. Dixon (1999) used multivariable P and I controllers using multi-objective optimal tuning technique and model based predictive control design to meet the constraints. 2. Rice et al. (2000) proposed predictive control that uses linear quadratic optimal inner loop and it is supervised by an outer predictive controller loop. 3. Proportional integral plus (PIP) by Taylor et al. (2000) from Lancaster University was based on discrete time model of the plant. 4. Prempain et al. (2000) demonstrated the use of loop shaping H-infinity control design method. 5. The multi-objective Genetic algorithm (MOGA) was proposed by Griffin et al. (2000) which performed a loop-shaping H-infinity design. 6. A sliding mode, nonlinear design approach was suggested by Sarah Spurgeon. Here switching surface is designed to move the plant from one operating point to the other.
7. Neil Munrom decomposed the original problem into a series of much simpler schemes in an effort to divide and conquer rule. 8. Munro (2000) combined sequential loop closing with a high -frequency decoupling approach along with divide and conquer method But none of the controller met all the objectives specified in the challenge -more so with particular reference to the transient limits imposed on output variables during load variations.
Second challenge
The All the papers had achieved reasonable success in terms controlling the gasifier model. But none of the controller met the overall performance criteria and still this benchmark challenge is left for the academicians for further research.
The difficulty in meeting the performance criteria appears to necessarily work with the higher order model for control system design. This motivates the authors to derive low order transfer function models for control system study.
Low order transfer function models
On analyzing the ALSTOM gasifier model, the model is found to be more complex and it contains very high cross-coupling between input and output (Dixon 2004 yi(s) = output variables ; i={1,4 } Gij(s) = transfer characteristic between j th output due to i th input ; i= {1,4} j={1,4} ui(s) = input variable ; i={1,4} Gdi(s) = describing the impact of variation in Psink on output variable; i= {1,4} Psink = sink gas pressure at gas turbine inlet.
It is to be noted that the denominator polynomial of each element Gij is of 24 th order while the numerator is of order less than or equal to 23 rd . A typical transfer characteristic between an output (pressure) due to all inputs shown diagrammatically as follows: Here ∆Pui is the incremental change due to different inputs ui. Thus ∆Pu1 is the incremental change in pressure due to steady state change in char extraction flow rate, ∆Pu2 is the incremental change in pressure due to steady state change in Air flow rate, ∆Pu3 is the incremental change in pressure due to steady state change in Coal flow rate and ∆Pu4 is the incremental change in pressure due to steady state change in steam extraction flow rate. The output is given below P(t) = Psteady state+∆Pu1 + ∆Pu2 + ∆Pu3+ ∆Pu4
Now the problem boils down to the reduction of higher order transfer function models obtained by MATLAB command to lower order transfer function models by the application of different methods.
It is observed that author Haryanto et al. (2009) developed an equivalent lower order transfer function models towards the development of integrated plant simulator. In this chapter, the authors have developed lower order transfer function models using algebraic and reduced order approximation methods (Sivakumar and Anithamary, 2011) .
Reduced order approximation (RSYS)
The matlab command RSYS = BALRED(SYS,ORDERS) computes a reduced order approximation(RSYS) of LTI system. The desired order (number of states) is specified by ORDERS. BALRED uses implicit balancing techniques to compute the reduced-order approximation RSYS. The second order transfer function is obtained using Henkel Singularity approximation method. The transfer function for typical block G11 corresponding to 100% load is given below: G11 = .
. .
. .
All the transfer function blocks Gij : (i = {1,4},j={1,4}) evaluated using reduced order approximation by the authors corresponding to 100%, 50% and no-load are given in Appendix A, Appendix B and Appendix C.
Algebraic method
The higher order transfer function is equated with the lower order model: The a0 can be obtained by the formula (Poongodi et al., 2009) Similarly lower order models G12 to G44 corresponding to higher order models specified by ALSTOM can be obtained.
All the transfer function blocks Gij : (i = {1,4},j={1,4}) evaluated using algebraic method by the authors corresponding to 100%, 50% and no-load are given in Appendix A, Appendix B and Appendix C.
In order to evaluate the reduced order transfer function models obtained through different methods, the unit step response of ALSTOM model has been taken as reference response and the responses obtained through different methods as in figure 7 are compared and shown in figures 8-11 for typical transfer function blocks namely G11 -the transfer characteristic between change in calorific value due to change in char extraction flow rate.
G24 -the transfer characteristic between change in temperature due to change in air flow rate.
G33 -the transfer characteristic between change in pressure due to change in coal flow rate.
G42 -the transfer characteristic between change in bedmass due to change in steam flow rate.
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Lower order modeling using genetic algorithm
Out of 16 transfer functions using algebraic method, four transfer functions G21, G31, G41 and G13 (shown in bold) are found to have higher ISE and IAE error criterion than the lower order models obtained using RGA loop pairing. This observation has motivated the authors to obtain further reduced order transfer function models with minimum ISE and IAE error criterion using genetic algorithm. Appendix D gives the auxiliary scheme for low order model (Sivanandam and Deepa, 2009 
= 4.0997e+04
The auxiliary scheme given in appendix E is used to find R(s) from G(s)
The above equation should be tuned to satisfy the transient and steady state gain so that R(s) reflects the characteristics of G(s)
=
The parameters B0 = -7.4137631e-04, b1= 2.081e-04 and b0= 1.8083624e-08 are used as seed value for genetic algorithm with ISE error as the objective function. The ISE error (E) can be obtained by taking the sum of the square of the difference between the step response of higher and lower order transfer function. The ISE error is given by
where, Yt is the unit step time response of the higher order system at the t th instant in the time interval 0≤ t ≤τ, where τ is to be chosen and yt is the unit step time response of the lower order system at the t th time instant. The matlab commands (@objectivefun, nvars,options) are used with ISE error as objective function. Here the population is set at 20 individuals and the maximum generation is 51. The crossover fraction is 0.8. Similarly the lower order models G31, G21 and G41 corresponding to higher order models specified by ALSTOM can be obtained. Table 4 shows the IAE and ISE error using genetic algorithm is further reduced than using algebraic method. Figure 12 shows the flowchart for lower order modeling using Genetic Algorithm. Table 4 . Reduced errors due to genetic algorithm in the evaluation of G13,G21,G31,G41 Figure 12 . Flowchart for lower order modeling using Genetic Algorithm
Transfer function obtained using Genetic Algorithm seems to be the most effective method for obtaining lower order models. Though the transfer functions for G11, G31,G41, G22 have been obtained through genetic algorithm to illustrate the superiority over other methods, all the transfer function blocks can be obtained in the same way as explained earlier.
Gasifier control and simulation
Even though many advanced control algorithms are proposed for complex process and systems, the authors are strongly of the opinion that PID control will also meet the control requirements using appropriate controller constants and feed forwards if necessary. Hence the PID controller is considered as a tool for gasifier control and simulation studies are done. Here PID controller is used to vary the steam and coal inputs for syngas pressure and coal and air is varied for syngas temperature. 
Conclusion
The development of low order transfer function model are required due to the difficulties encountered in the development of control strategies on ALSTOM benchmark challenge. In this direction, the authors have developed low order transfer function models using Algebraic method and reduced order approximation. The performance of these models has been evaluated on the basis of ISE and IAE error criteria. It is observed that the low order models derived using algebraic methods is much superior to one proposed by Haryanto et.al., and reduced order approximation. Some lower order transfer functions obtained using algebraic method are found to have higher error criterion than RGA loop pairing. Using Genetic Algorithm these errors are minimized and it is believed that the models proposed by algebraic method with Genetic Algorithm will become basis for further research on Gasifier control. 
Appendix B: Transfer function obtained of 50% load
